Abstract. This paper assesses the Neo-Hookean material parameters pertaining to deformation behaviour of hyperelastic material by means of numerical analysis. A mathematical model relating stress and stretch is derived based on Neo-Hookean's strain energy function to evaluate the contribution of the material constant, C 1 , in the constitutive equation by varying its value. A systematic parametric study was constructed and for that purpose, a Matlab programme was developed for execution. The results show that the parameter (C 1 ) is significant in describing material properties behaviour. The results and findings of the current study further enhances the understanding of Neo-Hookean model and hyperelastic materials behaviour. The ultimate future aim of this study is to come up with an alternative constitutive equation that may describe skin behaviour accurately. This study is novel as no similar parametric study on Neo-Hookean model has been reported before.
Introduction
Owing to the complex nature of nonlinear viscoelastic materials, the understanding of its mechanical behaviour is often deemed challenging. It is not uncommon to model viscoelastic materials as hyperelastic, such as the Neo-Hookean constitutive model which describes hyperelastic behaviour adequately. One of the means in understanding the physical representation of a mathematical equation is by conducting parametric studies [1] [2] [3] [4] [5] . Hitherto, the application of hyperelastic constitutive equations has evolved from merely being employed on rubbery materials to even biomaterials [6, 7] . The Neo-Hookean model for instance, has also been used in analysing engine vibration [8] as well as object simulators [9] . Hyperelastic materials are characterised by strain energy function, W, and in this study the Neo-Hookean strain energy function is re-derived to include stress and stretch, with the intention understand the mechanics as well as the physical quantities behind it. Based on this Neo-Hookean stress-stretch equation, a parametric study is constructed systematically to investigate the contribution of the material constant, C1 by varying its value. This paper for the first time attempts at assessing the significance of the parameters of the derived stress-stretch equation adapted from the Neo-Hookean strain energy function. A Matlab programme was developed for the present numerical analysis and parametric study. This approach is novel as no similar study has been reported earlier.
Application of Neo-Hookean Material Model
Raja and Malayalamurthi employed seven distinct hyperelastic nonlinear material models namely Mooney-Rivlin, Ogden, Yeoh, neo-Hookean, Gent, Polynomial and Arruda-Boyce model in their in their study on large deformation soft finger contact problems [10] . It was reported that the Ogden model fits soft finger contact mechanics modelling whilst the neo-Hookean model exhibits close agreement to experimental results. The neo-Hookean model has also been employed in defining the material property of a spherical membrane fluid structure as it mimics the mechanical behavior of the membrane [11] . This material model has also been applied to analyse isotropic softening effect in non-homogeneous deformation [12] . It was found that this constitutive equation is suitable for low and moderate deformation however was deemed unsuitable to predict material stiffening at higher deformation.
Neo-Hookean strain energy function is used due to its simplicity as well as its versatility in exhibiting different behavior by including additional nonlinear terms in I 1 (invariant) in the equation [13] . The neo-Hookean model has also been used in modelling scaffold tissue in reconstructive and corrective surgical measures [14] . Moreover, the neo-Hookean and Kelvin models have been utilized to characterize the nonlinear hyperelastic and viscoelastic material properties of porcine liver [15] . A comparative study has been conducted on neo-Hookean, Mooney-Rivlin and Ogden models in modelling chloroprene rubber [16] . It was found that neo-Hookean and Mooney-Rivlin may be used for small strain ranges. An orthotropic neo-Hookean material model has similarly been applied on elastin matrix proteins in representing the mechanical behaviour of pulmonary artery tissue [17] . An average neo-Hookean, average Veronda Westmann and specimen and region-specific Veronda Westmann hyperelastic constitutive models were employed on a study of abnormal cartilage contact mechanics which attributes to osteoarthritis [18] .
The neo-Hookean material model has also been successfully applied to include concentration of chemically activated cross-links for biological materials with large deformation and viscoelastic behaviour [19] . The neo-Hookean model was also found to perfectly fit small and finite deformation of thin polymer layers, elastomers as well as the human orbital fat and its encapsulating connective tissue [20, 21, 22] . It is evident from the aforementioned literature, that no parametric study was ever conducted to obtain the material constant, C 1 of the neo-Hookean constitutive equation as per Eq.1. Table 1 furnishes the neo-Hookean material constant parameter, C 1 obtained from the literature. The range of the parameter value varies from 0.06 kPa to 5.32 MPa. The specimen tested on different experimental/numerical techniques varies from elastomeric materials to human tissue. Amongst the most common experimental techniques employed are tensile and compression tests. It appears that the type of experimental method as well as specimen selection influences the material constant parameter, C 1 . Furthermore, interestingly neither a standard nor a form validation of the parameter has ever been reported before.
Methodology
Considering the neo-Hookean model, where the material is assumed isotropic, hyperelastic and incompressible, the relationship between engineering stress, E σ and principal stretches, , may be described by Eq. 2
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A parametric study was designed to investigate the sensitivity of Eq. 2 by plotting stress-stretch curves with different material constant, C 1 . The assessment will be based on three criteria as illustrated in Fig. 1 . viz. by varying C 1 with respect to values reported in literature as per Table 1 , by varying C 1 with upper and lower bounds based on Mitsak et al [14] an finally by varying C 1 with positive and negative values. Numerical assessement and analysis will follow suit once the parametric investigation has been conducted. Figure 2 depicts the stress-stretch curves plotted by varying C 1 from 2.435 kPa to 5320 kPa as per literature. In general, it could be observed that as the C 1 values gets larger, the gradients of the curves gets steeper. However, it is worth mentioning that material constant reported by Fallqvist and Kroon [19] resulted to a much steeper curve compared to Mitsak et al. [14] maximum value although the latter's C 1 value is much higher compared to the former's. This peculiarity may arise due to the numerical measurement technique employed. It is also apparent that, the type of experiment as well as the nature of the specimen somewhat influences the material constant's value which in turn affects the behaviour of the stress-stretch curve. The upper and lower bounds based on Mitsak et al. [14] material constant, C 1 (261 kPa) mean value are illustrated in Fig. 3 . The C 1 is varied from 50 kPa to 500 kPa values. It could be observed that as the value of the parameter gets larger, the curve tends to move towards the ordinate-axis (engineering stress). Conversely, as the parameter value gets lower the graph approaches the abscissa-axis (stretch). Figure 4 represents the stress-stretch curve upon varying the material constant between positive and negative values. It could be seen that positive values appears to move the curve in the counterclockwise direction whilst negative values moves the curve clockwise. The findings from the present study provides a better understanding in interpreting stress-stretch diagram results.
Conclusion
The objective to numerically investigate the significance of the material constant, C 1 of the neo-Hookean constitutive equation has been successfully achieved. The current study establishes the importance of C 1 in determining the behaviour of the stress-stretch curve. The findings from the present parametric study provides a better understanding in interpreting material behavior from stress-stretch diagrams. The results of this study could contribute to the further development of constitutive models of neo-Hookean constitutive equation in the future.
